In this work ultrahigh-vacuum scanning tunneling microscopy ͑STM͒ is used to investigate ultrathin oxide films grown thermally by in situ dry oxidation of clean highly B-doped Si͑100͒ substrates. On a clean starting surface, STM images reveal a special reconstruction induced by boron accumulation. The step structure of the substrate persists and can be recognized on the ultrathin oxide films, indicating layer-by-layer oxidation. The surface roughness is observed to increase upon oxidation, showing what appears in the STM image ͑at certain bias voltages͒ as both bright spots and dark holes. These oxidation-induced features also affect the formation of void structures when the oxide films are heated up to 700-750°C. At the early stage of oxidation on the clean substrates, it is found that boron-induced reconstruction may have an effect on the formation of missing-dimer defects.
I. INTRODUCTION
With continuing developments in the modern microfabrication technology of Si devices, metal-oxidesemiconductor field-effect transistors ͑MOSFET͒ are becoming smaller, with the thickness of the gate oxide scaled down to the 2-4 nm level.
1,2 The performances of MOS devices depend to a large extent on the ultrathin dielectric film. Hence, a detailed understanding at the atomic scale of the structural and processing issues of the ultrathin gate dielectric is indispensable to fabricate highly reliable devices. In addition, boron is one of the key dopant materials in Si-based microelectronics. Due to the shrinkage of devices, the control of dopants in Si becomes increasingly important. B doping and depletion in the polysilicon layer above the gate dielectric is also a problem that has become, in deep submicron devices, ever more critical. In recent years, heavily B-doped Si͑100͒ surfaces have attracted a great deal of attention.
3- 6 The segregation of boron on Si surfaces has been shown to mainly induce a decrease in the creation energy of local A-type step, and B-type steps display stripe-like structures. Scanning tunneling microscopy ͑STM͒ is a powerful technique to obtain structural information of surface topographies and electrical properties at atomic resolution, although it is seldom used to investigate dielectric materials because of the complexities associated with tunneling through insulators. Ultrathin gate oxides ͑thickness р1 nm͒ can be imaged in STM by applying an appropriate high bias between the tip and the sample. 7, 8 The goal of the present work is to use STM to study in more detail the surface structures of ultrathin oxide films formed on the highly B-doped Si͑100͒ substrates by dry oxidation. The results show that the segregation of boron at very low coverage can form a reconstruction on the clean Si͑100͒ surface. At the early stage of oxidation, this boron-induced structural feature may have an effect on the formation of missing-dimer defects. After dry oxidation, step structures can still be observed on the ultrathin oxide films, implying a layer-by-layer growth mode. It is found that the change in the surface microroughness is induced by the oxidation. On highly resolved STM images, some defects are observed on the oxide films, and based on our work we believe that these defects affect the formation of void structures at elevated temperatures.
II. EXPERIMENT
The experiments were carried out in an ultrahigh-vacuum ͑UHV͒ system, equipped with a scanning tunneling microscopy/atomic force microscopy from Omicron and a low-energy electron diffraction/Auger electron spectroscopy ͑AES͒ in the analysis chamber. The base pressure of this UHV system was lower than 3.0ϫ10 Ϫ10 mbar. Si samples were cut from heavily B-doped Si͑100͒ commercial wafers with resistivity of 0.001-0.006 ⍀ cm. Before being introduced into the UHV chamber, the sample plates made of molybdenum and ceramics were outgassed at 800°C for several hours under UHV conditions. Then the surfaces of the Si samples were cleaned by direct-current heating up to 1200°C, following an overnight outgassing at 600°C. The ultrathin oxide films were grown thermally by introducing molecular oxygen into the UHV chamber at a 600-650°C substrate temperature and a 3.0ϫ10 Ϫ7 -5.0ϫ10 Ϫ5 mbar oxygen gas pressure for a few minutes. The substrate temperature was monitored by a 0.96 m infrared thermometer, and the thickness of the oxide films was determined by AES. After exposure to oxygen, the samples were cooled down to room temperature, and STM images were taken. STM topographic images presented in this work were acquired at a 0.3 nA tunneling current and a tunneling bias higher than 3 V. The scanning tips were made by electrochemical etching of polycrystalline tungsten wires. All images are displayed in gray scale. 
III. RESULTS AND DISCUSSION
Several cycles of the sample-cleaning treatments can result in clean surfaces of Si͑100͒, the familiar (2ϫ1) and (1ϫ2) domains separated by smooth type-A and rough type-B steps alternately. On this clean Si͑100͒ surface, the root mean square ͑rms͒ roughness is always less than 0.1 nm. Besides the usual missing-dimer defects ͑Ͻ3%͒, the starting surface exhibits another structural defect presented in Fig. 1 , with STM images of unoccupied states ͑a͒ and occupied states ͑b͒ shown at high magnification. As seen in Fig. 1͑a͒ , defects appear often as a pair of bright spots surrounded by a dark area; the distance between the protrusions is about 0.4 nm within one pair. Different lengths are found connected to the two protrusions of a pair at positive and negative bias polarities. The occupied-state image gives evidence that dimer buckling occurs, especially near the defect features. Proximate to the surface single step on the left part of Fig. 1 , a triple-protrusion feature can be recognized, with a brighter central protrusion. The area density of these specific protrusions is about 1.3ϫ10 13 cm
Ϫ2
, equivalent to a coverage of 0.02 ML. Based on the observed behaviors, it can be suggested that this special reconstruction is caused by the boron segregation at the surface of the highly B-doped Si͑100͒ substrate, which has been described in detail in previous works. [9] [10] [11] Besides the results reported in the previous studies, some different phenomena have been observed in our experiments. It is found that the density of the defect features on the surface increases when the samples are annealed at high temperatures ͑750-850°C͒ for 2-5 min, and in some sample area defect features are shown as small patches formed by two or even three protrusion pairs. In our experiments, stripe-shaped step structures induced by boron segregation have not been achieved on the highly B-doped Si͑100͒ surface. It is possible that the coverage of boron atoms on the surface is not high enough. What we have seen is that type-B steps can form very large triangular facets after long heat treatments.
After the ultrathin oxide film is formed, the rms roughness of the sample surfaces becomes worse; no long-range order can be observed on the surfaces by STM, although lowenergy electron diffraction shows a diffused (2ϫ1) pattern with a relatively bright background. Figure 2͑a͒ is a typical STM image taken at ϩ3.6 V sample bias and 0.3 nA tunneling current for a 0.5-nm-thick ultrathin oxide film grown on the Si͑100͒ substrate. The oxide film is formed at an O 2 partial pressure of 5.0ϫ10
Ϫ5 mbar and temperature of . The scan area is 7.25 nmϫ7.25 nm, and the tunneling current is 0.6 nA. ͑a͒ Unoccupied-state image. The sample bias is ϩ1.8 V, and the height range is 0-0.29 nm. ͑b͒ Occupied-state image. The sample bias is Ϫ1.8 V, and the height range is 0-0.42 nm.
FIG. 2.
Typical STM image of a 0.5-nm-thick ultrathin oxide film grown thermally on the Si͑100͒ substrate, ͑a͒ with a dimension of 200 nmϫ200 nm and height range of 0-0.55 nm and ͑b͒ with a dimension of 20 nmϫ20 nm and height range of 0-0.45 nm. The sample bias is ϩ3.6 V, and the tunneling current is 0.3 nA. 650°C for 10 min. It is demonstrated that, with an appropriately high sample bias, the surface structure of the ultrathin oxide film can be revealed, although electronic structure is usually as much as atomic structure. The rms roughness of this surface is 0.12 nm. A step structure can be recognized in Fig. 2͑a͒ . The step structure duplicates the same terrace shape and width as that of A-type steps on the clean Si͑100͒ substrate surface. The rough B-type steps cannot be clearly resolved on the sample surface. It is mainly because the oxidation causes the oxide surface to be rougher. Observation of the step structures also indicates a layer-by-layer oxidation, 12, 13 which partially maintains the surface morphology of the clean Si͑100͒ substrate on the grown oxide film. From the STM images with high resolution, as shown in Fig.  2͑b͒ , it can be seen that the ultrathin oxide films are not very uniform at the atomic level. Many defect-like features are displayed on the surface as dark holes, about 0.4 nm in depth and 0.5-1.5 nm in width. These holes are also visible as holes for opposite sample bias. The dark-hole defects are mostly formed during the oxidation, and they are the fundamental reason for the increased rms roughness ͑as measured by STM͒ of the sample surfaces after oxidation. At the same time, many small round features with diameters of 0.3-0.5 nm are observed even inside the dark-hole defects, as indicated by arrows in Fig. 2͑b͒ . These features are the typical appearance on the ultrathin film when the Si oxide surface imaged with STM. The round features also contribute to the rms roughness of the ultrathin Si oxide film. It is well known that the profile of a STM image is a contour of constant local density of states in the vicinity of the Fermi level, so the images may reflect as much the electronic structure at the surface rather than the physical ͑atomic͒ structure.
14 We believe that the round features cannot be fully attributed to the electrical structures of an otherwise atomically flat ultrathin Si oxide grown on the Si͑100͒ surface. Watanabe et al. 8 have ascribed the faint contrast spots that they observed to the intrinsic defects-electron traps in the Si oxide film. According to this model, it is possible to conclude that the round features should be easily detected at the negative sample bias, as discussed in Ref. 8 . In fact, this phenomenon does not happen in the present work. At negative polarity, the tunneling process was usually unstable under our conditions. The most straightforward reason for this result is that the STM tip crashes into the oxide film because of very low tunneling currents, especially at the sites of the round features. When the samples with ultrathin oxide films are annealed at 700-750°C, void structures 7 appear on the surface, as shown in Fig. 3 . The size of the voids observed here is in the range of 5-10 nm, and the depth of the voids is 0.26 nm in average, as measured by STM. It is found that at the early stage of void growth, the shape and density of the voids are similar to those of the dark-hole defects on the oxide films. This suggests that the voids are nucleated at the defect sites and that the defects on the oxide films can affect void formation.
To confirm the results mentioned above, the samples exposed to oxygen for different durations have been investigated with STM. At the early stage of oxidation, many adatom lines perpendicular to the dimer rows of the Si͑100͒ substrate surface are formed. They have been observed in previous work as ''the sequence of dots.'' 15 Figure 4 is a typical image obtained at this stage. The boron-induced reconstructions can still be found in the unoxidized areas. At some places on the surface, several dimers have completely disappeared from the surface because of oxygen etching ͑SiO desorption͒. 16, 17 We also noticed that the traces of boroninduced features are identified at many missing-dimer defects. This fact may imply an effect of the boron-induced features on the formation of missing-dimer defects. Further investigation at the atomic level must be done to verify this effect. With the oxygen exposure increasing, some adatom lines grow into two-dimensional ͑2D͒ islands, and the missing-dimer defects transform into dark holes. Gradually, the whole surface is completely covered by these 2D islands, the adatom lines, and the missing-dimer defects until an ultrathin oxide film with a desired thickness is obtained. On the highly resolved STM images acquired on the ultrathin oxide films, adatom line features are also identifiable.
IV. CONCLUSIONS
Ultrathin oxide films are formed by dry oxidation at high temperature on heavily B-doped Si͑100͒ substrates in an UHV system. Using STM, the reconstruction produced by boron segregation is recognized on the surface. It is also found that the ultrathin oxide films are grown in a layer-bylayer mode, and the oxidation causes the sample surfaces to become much rougher. Defect features are observed on the ultrathin oxide films, and these dark-hole defects can affect the void formation at elevated temperatures. At the early stage of oxidation on clean highly B-doped Si͑100͒ surfaces, STM images show that boron-induced structural defect may have an effect on the formation of missing-dimer defects.
